The effects of a series of aquated lanthanide ions on the nuclear magnetic resonance spectrum of phospholipid bilayer suspensions are reported. The ability of these ions to provide a spectral distinction between morphologically exterior resonances and their interior counterparts was confirmed. Measurements of the relative shifting and broadening capabilities of these ions are reported, and their correlation with solid-state magnetic susceptibility anisotropies is shown to implicate a dipolar (pseudocontact) mechanism as the source of this effect. The potential for the use of dipolar shifts as structural probes is discussed and an alternative method using dipolar shifting and broadening reagents simultaneously is presented.
The use of nuclear magnetic resonance spectroscopy (NMR) as a tool for the study of artificial phospholipid bilayers (a model membrane system), as well as biological membranes themselves, has been of great current interest. Recently, Bystrov et al. (1) reported the 1H NMR spectrum of a phospholipid bilayer in the presence of aquated Eu+3 ions, in which they observed an upfield shift of a portion of the N-methyl choline resonance, which originally had been a strong singlet in the absence of Eu+3. A dependence of the magnitude of the shift on the concentration of europium was also noted. These workers advanced the explanation that this metal ion, by coordination to the exterior phosphate head groups, was capable of lifting the accidental chemical shift equivalence of the protons on the inside and outside of the closed bilayers. The spectral result was thus two singlets, corresponding to the (-NMe3) i and (-NMe3), groups. Presumably, the outer protons experienced an isotropic shift due to the paramagnetic ion and the inner protons remained unshifted. Other reagents that induce spectral modifications of this kind have been reported and include small chemical shifts induced through the agency of anions (2, 3) and elemental iodine (2) , and broadening of resonances by the paramagnetic Mn+2 and Gd+3 ions (1, 3, 4) .
It is evident that a technique capable of deriving quantitative information on the molecular disposition of membrane components would be of great value, and the reagents described above are potentially useful in this context. This apAbbreviations: (-X-)i and (-X-)0, resonance assignments for those portions of an NMR (nuclear magnetic resonance) signal arising from chemically similar but spatially distinct nuclei residing on the inside and outside of a closed bilayer, respectively; Ln +3, a generic, trivalent lanthanide ion; a, isotropic chemical shift in ppm relative to the unshifted portion of the same resonance; vP/2, full observed resonance width at half-height; V1/2', full corrected width at half-height, i.e., V1/2 (observed) -vl/2 (natural).
pears to be particularly true of the Eu+3 ion, by virtue of the larger changes involved. Thus, in connection with the problem of site-labeling of membrane constituents, we sought to investigate the utility of lanthanide ions as structural probes. We wish to report our preliminary findings, which are relevant to the choice of a sound approach for extraction of structural data from such spectra.
EXPERIMENTAL
Phosphatidyl choline was prepared from fresh chicken egg yolks by the method of Papahadjopoulos and Miller (5 d Relative to the (-NMe3), resonance. e At this relative concentration, Eu-induced shifts were too small to measure. f Accurate determination of Pi/2 and A were precluded by overlap with the residual water signal; however, the approximate values given are consistent with values obtained by extrapolation from lower [Dy] . g The poor correlation with A has been noted before (12) , and ascribed to the large axial: equatorial geometric factor ratio in Tm(dipivaloylmethanato)3(4-picoline)2. The observed relative ATm of 3.7 correlates well with actual relative isotropic NMR shifts observed in organic, ATm -3.8 (12) , and aqueous, ATm -4.6 (13), solvents. h P1/, of unresolved inner and outer (-NMe3). mM Eu+3 ions, essentially analogous to that reported by Bystrov (1) , is shown in Fig. 1A .
The contrast in sign and magnitude of the shift, A, induced by the same concentration of Pr+3 ions is illustrated in Fig. 1B .
The increase in width at half-height, vl/2', of the shifted resonance was similarly found to be a function of the metal used. Indeed, the values of A and vl/2' were found to be characteristic of the seven lanthanides investigated. The relative effects on the (-NMe3) resonances of equimolar La+3, Dy+3, Tm+3, Tb+3, and Gd+3, as well as Eu+3 and Pr+3, are indicated in Table 1 . Further, the linear correlation between the absolute values of A and vl/2 appropriate for a particular ion is illustrated in Fig. 3 . The characterization of metal-perturbed spectral features by A, vy2', and their ratio is not limited solely to the (-NMe3) resonances. In favorable cases, meaningful shifts of less well-defined resonances were noted. Fig. 2 presents the shifts induced by 1.17 mM Pr+3 in the (-CH2N-), and (-OPOCH2-), signals of the head groups. In this instance, as in all others studied, the respective A of both resonances was of the same sign as, and in constant ratio to, A (-NMe3)0. The relative magnitude of A was strongly dependent on the proximity of the protons in question to the bilayer surface; however, reliable shifts could not be observed for nuclei more remote than the f3-CH2 of the fatty acid chains. I
In contrast to the above observations, certain spectral modifications were noted to be independent of the identity of the metal. Thus, after correction for overlap with other peaks, the integrated areas of the shifted and unshifted portions of a resonance were always in the ratio of 68/32. § Similarly, the stationary (-NMe3) X resonance, while broadening slightly with increasing A(-NMe3)0, does so independently of the metal effecting the shift (Fig. 3) . Further, the observation of a shift of A(-NMe3), greater in magnitude than 1 11 .51 ppm, a precipitous increase in the width of all the resonances in the spectrum took place. These data imply a correlation with the magnitude, rather than the source of, the paramagnetic interaction with the bilayer. It is pertinent that diamagnetic La'I, at concentrations as high as 90 mM, had no effect on the line widths. While the reasons for this phenomena are at present obscure, the practical implications for spectral "simplification" are apparent.
ORIGIN AND UTILITY OF THE ISOTROPIC NMR SHIFT
The results discussed above are fully consistent with the proposal that the coordination of Ln+3 ions to the phosphate head groups allows a spectral discrimination between similar groups on the interior and exterior of closed bilayers (1). Qualitatively, this interpretation readily explains the spectral changes described in the preceding text and in Figs. 1 and 2 . It is particularly noteworthy that the areas of corresponding § The ratio found was (-X -)0/(-X-)i = 68/32 = resolved signals, irrespective of the moiety and metal involved, are always of constant ratio, as required by this interpretation.
If the isotropic shifts are to be used in assessing geometry, the dominant mechanism of interaction of the electronic spin of the metal with the nuclei should be known. The data above clearly implicate a through-space (dipolar or pseudocontact) interaction rather than transmission of electronic spin density through the bonds (a contact effect). The correlation between the sign and magnitude of the observed shifts with the magnetic susceptibility anisotropies, Xanis, of solid-state model complexes are presented in Table 1 . This correlation is excellent, not only relative to those ions promoting a shift, but also for La+3 and Gd+I ions (IS and 8S ground states, respectively) for which Xanis 0 0 and no shift is observedl. The linear relationship between JAI and vl/2' (Fig. 3) would be anticipated regardless of the mechanism involved, but the case of Gd+a is pertinent in this context. Here, the extensive broadening that takes place in the absence of any shift implies a dipolar interaction; whereas a significant contact contribution, if it existed, should have produced a shift.
The establishment of the dipolar mechanism as the origin of the paramagnetic interaction implies that the observed shifts should be quantitatively related to the spatial arrangement of the nuclei. Thus, a correlation of isotropic shift with distance and angle from the coordinated lanthanide ion would be anticipated according to Eq. 1 (15) (16) (17) (18) (19) (20) (21) (22) . A = AH/H = C(3 cos' 0 -l)r- [1] In this equation, A is the isotropic shift for a given nucleus, 0 is the angle between the appropriate symmetry axis of the complex and the metal-nucleus vector, and r is the vector magnitude. If one is dealing with a tightly-bound metal ion, C involves fundamental constants and the magnetic moments of the nuclei and the metal. In this system, however, the metal is weakly bound and there is rapid exchange between free and bound metal, as well as among various donor sites. Therefore, the observed shift is the weighted average of the shifts of all species, which requires that C contains a dependence on concentration of metal and lipid. In simple systems, extrapolations of observed shift against concentration allow the determination of the shifts of individual species.
The limiting shift values, Amax, should represent the shifts that would be observed in a species with a tightly bound metal ion. With Amax substituted in Eq. 1, C involves only known constants and, consequently, the value of (3 cos2 0 -1)/r3 can be determined for each nucleus. Thus, the values of Amax provide the data necessary to determine certain aspects of spatial arrangement of the nuclei. The use of chelate complexes of lanthanides as "shift" reagents to simplify NMR spectra is now well recognized;
however, their use in obtaining structural information has been a subject of some controversy (12, (15) (16) (17) (18) (19) (20) (21) (22) (13) .
Proc. Nat. Acad. Sci. USA 70 (1973) binding of the metal to one site on the membrane surface influences the ability of another ion to bind at neighboring sites, the determination of a physically meaningful ismax i quite complicated. Thus, it is often convenient to take the ratio of shifts for various nuclei at a given concentration. In this way the problems with concentration variations are eliminated, because the ratios of geometric factors are obtained from Eq. 1 and the constant, C, cancels.
Other results from chelated lanthanides also serve as a caveat in the prudent application of Eq. 1 in any given circumstance. Although the isotropic shifts are predominantly dipolar in origin, in some cases significant contact contributions exist in both 1H (24) and '3C (25, 26) spectra. Further, one may anticipate some difficulties from the angular dependence expressed in Eq. 1. A calculated value for A will be strictly related to the effective magnetic axis at the metal. Recent reports suggest that the usual assumption that the magnetic axis and the coordination axis coincide may not be valid (27, 28) . The possibilities of contributions from two different sites and the absence of a concrete understanding of the stereochemistry of metal binding to phospholipid head groups pose a similar problem.
Reflection upon these factors suggests that structural analysis of complex systems, such as membrane components, by the dipolar shift approach will be ambiguous in some cases. These considerations have prompted us to attempt alternative and/or complementary approaches to membrane structural analysis.
STRATEGY FOR NMR STRUCTURAL ANALYSIS
Preliminary experiments have indicated the feasibility of obtaining meaningful structural parameters in model membrane systems by the simultaneous use of a "shift" reagent and a "relaxation" reagent. Thus, in favorable cases the addition of "shift" reagent (Pr+3 for maximum shift with minimal broadening), coupled with the addition of a dipolar "relaxation" reagent (Gd+3 for extensive broadening with negligible shift), produces large increases in the linewidths of structurally discrete resonances. The relative broadening observed here depends on the relative distances involved, in the form (r-6), but is free of any angular dependence. Thus, structural relationships of suitable resonances can be readily calculated.
Though not in the context of membrane structural studies, other workers have used a single reagent to induce linewidth changes with and without concomitant isotropic shifts (15, 29) . Furthermore, the concept of structural analysis in small molecules by the simultaneous use of dipolar broadening and shifting reagents has recently been discussed by one of us (30) . Consequently, only those features expected to be different or especially pertinent to model membrane systems are recounted here.
The Solomon-Bloembergen equations (31) allow the correlation of linewidth changes with spatial relationships. It is essential that Gd+3 be used for broadening studies to obtain a simple (r-6) dependence, because broadening by the other lanthanides also has an angular dependence (30) . Although the angular dependence can be eliminated, any differences in correlation times (Ta) of the nuclei in question must be ascertained. The ratio of correlation times for small rigid molecules is normally 1: 1; however, a significant departure from this ratio could occur in membrane systems. The variations in Dipolar NMR Structural Analysis in Membranes 1817 relaxation times for nuclei in bilayers (32) (33) (34) 
